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ABSTRACT 
This study proposes a novel solution blow spinning technique (SBS) for fabricating 
YBCO ceramic nanofibers. The precursor solutions were obtained from Y, Ba, and Cu 
metallic acetates (Ac) and poly(vinyl pyrrolidone) (PVP, Mw = 360,000). Ac:PVP 
concentrations of 1:1 and 5:1 were tested, resulting in ceramic nanofibers with average 
diameters of 359 and 375 nm, respectively. X-ray diffraction confirmed the formation of 
a pure phase of YBa2Cu3O7-x. This is the first study to use SBS for fabricating YBCO 
nanofibers, and this technique shows promise for obtaining high-quality ceramic 
materials. 
1. Introduction 
Novel techniques are urgently required for fabricating materials owing to 
developments in nanotechnology and miniaturized devices [1,2]. Currently, 
electrospinning (ES) is used for fabricating one-dimensional nanostructured materials 
such as wires [3], tubes [4], and fibers [5] by applying high voltage between a tip and a 
collector to disperse a polymeric solution and create nanofibers [6–14] . Recently, a 
simple technique called solution blow spinning (SBS) has attracted attention for 
producing one-dimensional polymeric and ceramic samples [15,16]. SBS can produce 
tens of times more nanofibers than ES with improved cost/benefit ratio [17,18]. It does 
not require high voltages or a conducting collector. Furthermore, it can be used in a 
variety of polymeric solutions, regardless of their dielectric constant and heat 
sensitivity, such as some proteins [17]. 
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Oxide ceramics of the Y-Ba-Cu-O (YBCO) system are an interesting class of 
materials that has not yet been studied in the framework of SBS [6,19–21]. YBCO, 
owing to their superconducting properties, have been applied in nanoscale molecular 
circuits [22], high-frequency electronics [23,24], power transmission [25], transformers 
[26], generators [27], and motors [28]. 
This study produced high-quality YBCO nanofibers by SBS. Samples were 
successfully obtained with an average diameter of 368 nm, and X-ray diffraction (XRD) 
analysis confirmed the formation of a pure phase. To the knowledge of the authors, this 
is the first study to produce such a ceramic system by SBS. 
The outline of this paper is as follows. First, we provide an overview of the 
materials and method used to obtain the precursor solution and, consequently, the 
nanofibers. Then, we describe the processes applied for the thermal treatment and 
characterization of the samples. The remainder of the paper presents and discusses the 
obtained results. 
2. Experimental Procedures 
2.1 Materials 
Sol-gel precursor solutions were produced by using the following reagents: 
poly(vinyl pyrrolidone) (PVP, Mw = 360,000), yttrium acetate hydrate 
[Y(CH3CO2)3xH2O] (99.9%) from Sigma, and barium acetate [Ba(CH3CO2)2] (99%) 
and copper acetate monohydrate [Cu (CH3CO2)2 H2O] (99%), both from Sigma Aldrich. 
Before the reagents were weighted, they were dried overnight at 100°C. 
2.2 Sol-gel process 
Initially, PVP was dissolved in a solution of 65% methanol, 21% acetic acid, and 
14% propionic acid at a concentration of 5 wt%. Then, acetates were added to obtain the 
correct stoichiometric composition of Y:Ba:Cu = 1:2:3. The final solution, called the 
“precursor solution,” was stirred at room temperature for 24 h in a hermetic vessel to 
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obtain a stable and homogeneous solution for spinning. As expected, by keeping a fixed 
PVP concentration, e.g., 5 wt%, the morphologies and fiber diameters of the produced 
samples showed similar values [18], as discussed in Section 3. However, to confirm the 
formation of the composite and YBCO nanofibers (after the polymer burns out), we 
tested Ac:PVP precursor concentrations of 1:1 and 5:1. A detailed study of different 
acetate:poly(vinyl alcohol) (Ac:PVA) weight ratios has been conducted previously [19]. 
2.3 Solution blow spinning 
The SBS technique uses two concentric nozzles: the inner one injects the 
polymeric solution at a controlled rate, and the outer one flows high-pressure gas for 
dragging the fibers to a rotating cylindrical collector. The angular speed and distance 
from the injection point to the collector (working distance) are set as 40 rpm and 40 cm, 
respectively. Figure 1 shows the SBS experimental apparatus. 
The precursor solution was loaded in a 3-mL hypodermic needle, which in turn 
was injected in a needle with 0.5-mm internal diameter. To produce Ac:PVP samples 
with 1:1 and 5:1 concentration, injection rates of 50 and 60 µL/min with air pressures of 
133 and 66 kPa, respectively, were used. A halogen lamp was used to increase the local 
temperature and to evaporate the solvents as the solution was dragged. The nanofibers 
in the green state (before heat-treatment) were collected in a coated cylinder covered by 
a steel screen. 
2.4 Heat treatment 
The nanofiber composite in the green state was dried overnight at 100°C and then 
heat-treated in two steps. In the first step, the samples were calcined at T = 450°C for 3 
h in an oven to eliminate organic material. Both heating and cooling were performed at 
1°C/min. In the second step, the samples were sintered in a tube furnace at 820°C for 14 
h and then at 925°C for 1 h, following which they were treated at 725°C for 3 h and 
450°C for 12 h. Both steps were performed under oxygen flow. The heating rates from 
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room temperature to 820°C and from 820°C to 925°C were 3°C/min and 1°C/min, 
respectively. The cooling rate from 925° to 750°C was 1°C/min, and that from 750°C to 
room temperature (remaining 12 h at 450°C) was 3°C/min. The samples obtained with 
Ac:PVP concentrations of 1:1 and 5:1 are called S11 and S51, respectively. 
2.5 Characterization 
Scanning electron microscopy (SEM) analysis was performed using an EVO 
LS15 Zeiss operated at 20 kV. Green state samples were coated with a thin layer of gold 
before SEM observations. IMAGE J software was used to measure the diameters of 100 
nanofibers. Thermogravimetric measurements were performed using a TA Instruments 
model Q600 at temperatures between 25 and 1000°C at a heating rate of 10°C/min. 
Analyses were performed in nitrogen atmosphere with flow rate of 100 mL/min. XRD 
was performed using a Shimadzu XDR-6000 diffractometer with CuKα radiation 
(wavelength: 1.5418 Å). The displacement ranged from 2θ = 5° to 60° at a scan rate of 
0.02°/min. 
3. Results and discussion 
Fibers with a continuous structure are obtained when the polymer concentration is 
sufficient to thoroughly entangle the long polymeric chains with the molecules of the 
solvent [18]. In addition, a polymeric solution with low surface tension needs to be 
obtained to facilitate the evaporation of the solvent and then dry the solution before it 
has been collected [18]. Therefore, the morphology of the nanofibers is strongly 
influenced by the PVP concentration in the precursor solution. On the other hand, 
depending on the polymer concentration in the solution, the injection rate and pressure 
of compressed air need to be adjusted. Then, a stable cone formed by the solution at the 
tip can be established and, consequently, continuous fibers structures are produced. If 
suitable parameters are not set, undesired drops or discontinuities in the jet or even a 
film could be produced [18]. 
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The diameter of the fibers is also influenced by the polymer concentration in the 
solution, i.e., lower polymer concentration produces fibers with smaller diameters. The 
evaporation rate of the solvent also depends on the polymer concentration, and 
consequently, beads and interconnections may be produced between the produced fibers 
[16-18]. 
After setting suitable parameters, polymeric nanofibers such as those shown in 
Figure 2 were produced. For as produced S51, the fibers were oriented randomly and 
presented several beads, as shown in the micrograph in Figure 2(a). The average 
diameter of these fibers was 389 nm, and around 25% of them had diameters smaller 
than 300 nm, as shown in Figure 2(b). 
For as produced S11, the production of beads decreased, as shown in the 
micrograph in Figure 2(c). The average diameter of these fibers was 426 nm, as shown 
in Figure 2(d); this value was close to that of S51. However, only 7% of the nanofibers 
showed diameters smaller than 300 nm. This behavior was expected because we used 
the same polymer concentration in both solutions, which resulted in fibers with similar 
diameters [17,18]. 
The commercial PVP sample shows weight loss of 6% at ~100°C owing to the 
evaporation of water, as indicated by the TGA curve in Figure 3(a). The second event 
with an endothermic peak in the DTA curve at 420°C is attributed to PVP 
decomposition. From 25 to 280°C, samples S11 and S51 lost 15.5% and 22.4% of their 
initial mass, respectively, as shown in Figures 3(b) and (c). This behavior is attributed to 
dehydration and the elimination of other volatile substances [4]. These figures also 
show successive endothermic peaks from 280 to 500°C for both samples. These events 
correspond to polymer combustion and decomposition of the organic groups of the 
acetates used in the precursor solutions [4,6,21]. In the same temperature range, the S11 
sample lost more mass (53%) than the S51 one (33%), which is related the larger 
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amount of PVP in its composition. Therefore, the peaks associated with acetate 
degradation are masked in the thermogram of sample S11. The exothermic peak above 
780°C (DTA curve) indicates the beginning of YBCO crystallization [6,21]. The total 
mass lost from room temperature up to 925°C was 94.2%, 74%, and 64% in the 
commercial PVP, S11, and S51 samples, respectively. These results were used to 
choose the heat-treatment temperatures applied to obtain the YBCO phase. 
Figure 4 shows SEM images of the S51 and S11 samples and the distributions of 
their diameters after all heat treatments and oxygenation. The S51 and S11 samples 
showed a fibrous structure with nanoscale dimensions and average diameters of 359 and 
375 nm, respectively. In the S11 sample, 32% of nanofibers were smaller than 300 nm; 
in the S51 sample, this value decreases to 27%. 
The ceramic nanofibers are not smooth like those obtained by the composites 
shown in Figure 2. Instead, they seem to be made of grains that are joined to each other, 
as seen in the inset of Figure 4(a). Along with the samples in the green state, the 
ceramic nanofibers showed very similar diameters. 
It should be noted that in our experiment, the green nanofibers were produced 
using flow rates of 50 and 60 µL/min for the S11 and S51 samples, respectively. These 
values are around four times greater than those used in the ES experiments [21]. 
XRD patterns of the green nanofiber and heat-treated samples S51 and S11 are 
shown in Figure 5. The green sample shows an amorphous pattern with a broad peak at 
2θ = 8° that is attributed to PVP [4,29]. The XRD patterns of samples S51 and S11 
showed peaks that are characteristic of YBCO ceramic (JCPDS-78-2273, curve (d)). We 
did not observe the formation of secondary phases, indicating that the heat-treatment 
applied was adequate. The Miller index in Figure 5 is related to the patterns shown in 
Figures 5(b), (c), and (d). 
4. Conclusions 
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Nanofibers of pure YBa2Cu3O7 were successfully obtained, for the first time, by 
using the novel SBS technique. Polymeric solutions with Ac:PVP concentrations of 5:1 
and 1:1 were prepared. After heat-treatment, YBCO ceramic nanofibers with average 
diameters of 359 and 375 nm were produced from the 5:1 and 1:1 samples, respectively. 
We showed that the SBS technique can produce YBCO ceramic nanofibers with a 
production rate close to four times greater that of ES. 
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Figure 1: SBS experimental apparatus. The stepper motor pushes the hypodermic 
needle loaded with the precursor solution. Then, the pressured air in the outer nozzle 
drags the solution in the inner nozzle. As the solution travels along the work distance, 
the solvents evaporate and nanofibers are formed. In the rotating collector, a thin 
blanket with nanofibers is obtained. For more details, see Ref. [17,18]. 
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Figure 2: (a) SEM micrographs of the as produced S51 sample and (b) the size 
distribution of the S51 nanofibers. (c) SEM micrographs of the as produced S11 sample 
and (d) the size distribution of the S11 nanofibers. 
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Figure 3: (Color online) Simultaneous TGA/DTA thermal analysis of the as 
produced samples. (a) Reference (commercial PVP), (b) S11, and (c) S51 samples. The 
endothermic peak of the reference sample at 430°C indicates PVP degradation. In 
panels (b) and (c), the peaks at ~800°C indicate the beginning of the crystallization of 
the YBCO phase. 
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Figure 4: SEM micrographs and diameter distribution of the samples after all 
heat-treatments and oxygenation. (a) Micrograph of the S51 sample and (b) the diameter 
distribution of its nanofibers. (c) Micrograph of the S11 sample and (d) the diameter 
distribution of its nanofibers. 
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Figure 5: (Color online) XRD diffractograms of the samples. (a) A sample in the 
green state (S51), (b) reference YBCO pattern (JCPDS-78-2273), and (c) S51 and (d) 
S11 YBCO nanofibers after sintering. 
 
 
 
 
 
 
 
 
 
 
